The intestinal mucosa is composed of a simple columnar epithelium (enterocytes), covering the crypt/villus units and crypt units of the small intestine and colon, respectively[@b1][@b2][@b3]. This mucosal surface is continuously exposed to a multitude of factors derived from dietary[@b4][@b5][@b6], foreign[@b6][@b7][@b8][@b9][@b10], and self sources[@b6][@b11] that can result in disruption of the physical barrier[@b7][@b9]. Therefore, the intestinal mucosa must perform its physiologic function of nutrient absorption[@b2] while maintaining the ability to sense and respond to intestinal injury[@b6][@b7][@b8][@b9][@b10][@b12]. The enterocytes that comprise the intestinal mucosa express several different families of innate immune receptors that recognize dietary, foreign, and self antigens[@b6][@b7][@b8][@b9][@b10][@b12]. Microbial antigen recognition is important because the intestinal mucosa is colonized with approximately 10^14^ commensal bacteria[@b13]. These commensal bacteria are a vital component of intestinal development[@b14][@b15], physiology[@b16][@b17], and immunology[@b7][@b18]. A complex, dynamic balance, or homeostasis, is continuously maintained between the commensal bacteria and the immune response of the intestinal mucosa[@b7][@b19][@b20]. Disruption of homeostasis, termed dysbiosis, can result in several types of inflammatory bowel diseases (IBD), such as Crohn\'s disease and ulcerative colitis[@b19][@b20].

Crohn\'s disease and ulcerative colitis are characterized by recurrent episodes of autoimmune activity, resulting in ulceration of the intestinal mucosa, and remission, with no or subclinical disease[@b21][@b22]. Crohn\'s disease primarily affects the small intestine and colon, while ulcerative colitis affects only the colon[@b21][@b22]. Recent work showed that development of IBD requires multiple components, consisting of genetic[@b10][@b23][@b24], environmental[@b24][@b25], microbial[@b26][@b27], and immunological factors[@b28][@b29]. One important component involved in the recognition of commensal bacteria is a family of ten innate immune receptors called Toll-like receptor (TLR) 1--10^30^. TLRs recognize conserved molecular patterns of commensals or self resulting in pro-inflammatory responses and activation of immune cells via induction of specific cellular signaling pathways[@b30]. Rakoff-Nahoum *et al*. showed that myeloid differentiation factor 88 (MyD88), an adaptor molecule used for signaling by all TLRs except TLR3[@b30], was required for commensal bacteria recognition and initiation of colonic enterocyte proliferation following radiation or dextran sulfate sodium (DSS)-induced injury[@b7], a chemically-induced model for an ulcerative colitis-like disease state in mice[@b31][@b32][@b33]. MyD88-deficient mice exhibited increased susceptibility to DSS and reduced colonic enterocyte proliferation following induction of colitis[@b7]. These data provided the first indication that TLR signaling might be involved in the development of IBD.

Specific TLR-deficient mice were utilized to evaluate the potential role of TLRs in the development of intestinal injury using the DSS colitis model[@b7][@b8][@b9][@b10][@b34][@b35]. Cario *et al*. showed that DSS treated, TLR2-deficient mice were more susceptible to injury due to increased tight junction permeability, allowing for increased commensal bacteria translocation across the intestinal mucosa and induction of severe inflammatory responses[@b9]. Similar to the MyD88-deficient mice[@b7], TLR4-deficient mice were more susceptible to DSS-induced colitis and had less colonic enterocyte proliferation[@b8]. Interestingly, TLR5-deficient mice developed spontaneous colitis in the absence of DSS treatment, likely due to increased bacterial burdens and reduced anti-inflammatory cytokine secretion[@b10][@b36]. Data on the nucleic acid-sensing TLRs in the intestinal mucosa is limited, and two published studies show differing results for the role of TLR9[@b34][@b35]. While the role of TLRs in the development of intestinal injury has been characterized[@b7][@b8][@b9][@b10][@b34][@b35], the contribution of TLRs to the intestinal wound repair process *in vivo* is still not well understood.

Intestinal progenitor cells, which are present in the intestinal crypts, continually proliferate and differentiate into enterocytes, goblet cells, or enteroendocrine cells to replace the mature cells that are lost due to rapid turnover (3--5 days) or injury[@b1][@b2][@b3]. Differentiation into enterocytes is controlled by expression of hairy enhancer of split 1 (HES1), and this transcription factor controls expression of ATOH1 (MATH1 in mice), which induces differentiation into goblet or enteroendocrine cells[@b1][@b2][@b3]. Following intestinal injury, progenitor cell proliferation and differentiation into mature epithelial cells increased expression of other factors involved in initiating the wound repair process, such as vascular endothelial growth factor (VEGF) and pro-inflammatory cytokines[@b6][@b37]. Recent research using murine skin wounding models has implicated TLR9 in the wound healing process[@b38][@b39][@b40]. Recognition of self DNA, via TLR9 expressed on plasmacytoid dendritic cells, induced a rapid pro-inflammatory cytokine response, consisting of type I interferons, interleukin-6, and tumor necrosis factor-alpha, which was important for initiation of the wound healing process[@b38][@b39]. Additionally, Sato *et al*. showed that application of CpG DNA, a TLR9 agonist[@b30], accelerated wound healing in a murine skin biopsy-wounding model[@b40]. Interestingly, TLR9-deficient mice treated with or without CpG showed a delay in the wound healing process starting at 4 days post- wounding[@b40].

Based on the role for TLR9 recognition of self DNA and induction of epithelial restitution following skin wounding[@b38][@b39][@b40], we hypothesized that TLR9 promotes intestinal wound repair. Herein, we show that TLR9-deficient mice were more susceptible to DSS-induced colonic injury as measured by clinical and histologic parameters, and exhibited delayed wound repair. TLR9-deficient mice had reduced expression of HES1 and VEGF. Our data support a model wherein TLR9 is important for protecting the intestinal epithelium from damage and for promoting wound repair. Understanding the mechanisms of intestinal injury and repair will provide key insights into normal host biology and provide novel intervention points that could be utilized to prevent or treat IBD.

Results
=======

TLR9-deficient mice have increased susceptibility to colonic injury
-------------------------------------------------------------------

MyD88-deficient mice have defects in intestinal homeostasis and repair[@b7], TLR9 signaling requires MyD88[@b30], and TLR9 is important for restitution following skin wounding[@b38][@b39][@b40]. We therefore asked whether TLR9 promotes intestinal wound repair using a mouse model of DSS-induced intestinal damage[@b31][@b32][@b33]. We administered a concentration of DSS that caused intestinal damage, but not so severe that wild-type mice could not repair the damage rapidly after removal of the DSS treatment. Wild-type and TLR9-deficient mice were treated with 1% DSS in the drinking water for seven days and monitored for disease. During the acute phase of DSS-induced intestinal damage, only a few wild-type mice tested positive for blood in the stool on the last day of treatment ([Figure 1A](#f1){ref-type="fig"}). Two wild-type mice developed changes in stool consistency by day 6 post-DSS treatment ([Figure 1B](#f1){ref-type="fig"}). However, under these mild treatment conditions, wild-type mice did not lose weight ([Figure 1C](#f1){ref-type="fig"}). This is in contrast to the earlier and more severe disease observed in TLR9-deficient mice. TLR9-deficient mice showed significantly (*p* \< 0.05; Mann Whitney test) increased occult blood scores, which developed earlier ([Figure 1D](#f1){ref-type="fig"}). Furthermore, TLR9-deficient mice showed significantly (*p* \< 0.001; Mann Whitney test) increased changes in stool consistency as early as day 2 post-DSS treatment, with more mice affected than the wild-type cohort ([Figure 1E](#f1){ref-type="fig"}). Additionally, TLR9-deficient mice showed significant (*p* \< 0.01; Student\'s *t*-test) weight loss over the course of treatment ([Figure 1C](#f1){ref-type="fig"}). These data support previous studies showing that TLR9 is involved in protection against initial intestinal injury[@b35].

To examine intestinal repair processes, mice were returned to regular drinking water and monitored for an additional seven days. Once removed from DSS, only one wild-type mouse tested positive, and only for one day, for occult blood in the stool ([Figure 1A](#f1){ref-type="fig"}), yet TLR9-deficient mice tested positive up to day 4 after cessation of DSS treatment ([Figure 1D](#f1){ref-type="fig"}). Even more pronounced was the change in stool consistency with only one wild-type mouse showing very soft or loose stool on days 8 and 9 ([Figure 1B](#f1){ref-type="fig"}), yet all TLR9-deficient mice continued showing clinical signs seven days after being returned to regular drinking water ([Figure 1E](#f1){ref-type="fig"}). Wild-type mice maintained consistent weight throughout the 14 days, suggesting that the mild clinical parameters were not severe enough to produce weight loss. In contrast, TLR9-deficient mice showed a significant (*p* \< 0.05; Student\'s *t*-test) increase in weight during the recovery period following the loss during the treatment ([Figure 1C](#f1){ref-type="fig"}). Improvement of occult blood scores in these mice by day 10--11 suggest that enough of the intestine has been repaired to restore nutrient uptake, which correlates with a weight gain during the recovery period ([Figure 1C](#f1){ref-type="fig"}). It is important to note, that the TLR9-deficient mice have not returned to their baseline weight by day 14 (net 5% loss over the experiment). Measurement of colon length, another indicator of intestinal damage, at day 14 showed that 1% DSS-treated, TLR9-deficient, mice had significantly (*p* \< 0.05; Student\'s *t*-test) shorter colons than similarly treated, wild-type mice ([Figure 1F](#f1){ref-type="fig"}). We conclude that TLR9-deficient mice have delayed intestinal repair following induction of injury, which indicates a potential role for this receptor in initiating epithelial cell restitution.

TLR9-deficient mice have delayed repair of epithelial damage, which correlates with increased leukocyte infiltration
--------------------------------------------------------------------------------------------------------------------

To determine whether gross clinical disease parameters correlated with histologic intestinal injury, we examined colon sections from untreated wild-type and TLR9-deficient mice (day 0) and 1% DSS treated mice at days 7 and 14 of the experiment. Untreated wild-type and TLR9-deficient mice showed no signs of intestinal damage in H&E-stained colon sections ([Figures 2A, D](#f2){ref-type="fig"}). Treatment of wild-type or TLR9-deficient mice with 1% DSS resulted in partial or complete crypt loss and increased leukocyte infiltration into the mucosa by day 7 ([Figures 2B, E](#f2){ref-type="fig"}). However, seven days after cessation of DSS treatment, wild-type mice showed no epithelial damage and only very minor resolving leukocyte infiltration ([Figure 2C](#f2){ref-type="fig"}). TLR9-deficient mice treated with 1% DSS for seven days, followed by regular drinking water for seven days, still showed loss of colonic crypts and leukocyte infiltration ([Figure 2F](#f2){ref-type="fig"}). Blinded scoring of histologic sections for all mice showed that wild-type mice had no epithelial damage, but all TLR9-deficient mice still had significant (*p* \< 0.01; Mann Whitney test) damage at day 14 ([Figure 2G](#f2){ref-type="fig"}). Furthermore, TLR9-deficient mice showed significantly (*p* \< 0.01; Mann Whitney test) more leukocyte infiltration at day 14 than wild-type mice ([Figure 2H](#f2){ref-type="fig"}). We conclude that TLR9 deficient mice have delayed epithelial restitution, and delayed clearance of intestinal inflammation following DSS-induced intestinal damage.

TLR9-deficient mice exhibit increased enterocyte proliferation
--------------------------------------------------------------

The observed differences in intestinal wound repair between the two genotypes ([Figure 2](#f2){ref-type="fig"}) could potentially be due to inherent differences in the intestinal mucosa due to lack of TLR signaling. Since MyD88-deficient mice show increased epithelial cell proliferation in the absence of DSS treatment[@b7], we next asked whether the homeostatic environment of the colon was altered in the absence of TLR9. Similar to MyD88-deficient mice, the absence of TLR9 resulted in significantly (*p* \< 0.05; Student\'s *t*-test) increased enterocyte proliferation, as indicated by positive Ki-67 labeling, in the basal state compared to wild-type mice ([Figure 3A](#f3){ref-type="fig"}). Proliferating cells were distributed similarly to the wild-type mice but were numerous and extended farther up the crypt past the transient amplifying zone ([Figures 4A, B](#f4){ref-type="fig"}). There are several possible explanations for the increased number of proliferative cells in the TLR9-deficient mice, some of which include: increased crypt length, increased numbers of differentiated epithelial cell types such as goblet cells, or increased apoptosis of differentiated cells. Quantification of crypt length and goblet cell numbers per crypt showed no significant (*p* \> 0.05; Student\'s *t*-test) differences between the wild-type and TLR9-deficient mouse colons ([Figures 3B, C](#f3){ref-type="fig"}; [Figures 4C, D](#f4){ref-type="fig"}). There was an average of one TUNEL-positive cell per wild-type crypt, while TLR9-deficient crypts varied from 1--3 TUNEL-positive cells (*p* \> 0.05, not significant; Student\'s *t*-test, 50 crypts each from six independent mice) ([Figure 3D](#f3){ref-type="fig"}; [Figures 4E, F](#f4){ref-type="fig"}). Since there was an increase in proliferating cells without a compensatory increase in crypt length or number of apoptotic cells, we conclude that TLR9-deficient mice may have a defect in the differentiation of precursors into enterocytes.

TLR9 signaling is important for the induction of VEGF and intestinal progenitor cell differentiation
----------------------------------------------------------------------------------------------------

Based on the importance of TLR9-induced production of VEGF in healing of skin wounds[@b38][@b39][@b40], we next asked whether homeostatic levels of VEGF were altered in the absence of TLR9. We quantified VEGF expression in distal colon sections from untreated wild-type and TLR9-deficient control mice using real-time RT-PCR. Untreated TLR9-deficient mice showed markedly lower (5-fold) VEGF expression compared to the wild-type mice ([Figure 5A](#f5){ref-type="fig"}). We conclude that the colonic environment may be altered in the absence of TLR9, and this might provide a potential mechanism by which TLR9 signaling could mediate intestinal wound repair and play a role in normal host biology.

Because we observed increased numbers of proliferating cells extending past the transient amplifying zone ([Figures 4A, B](#f4){ref-type="fig"}), we next asked whether expression of factors important for differentiation of progenitor cells into mature enterocytes was reduced in the absence of TLR9. HES1 induces differentiation of progenitor cells through Notch signaling[@b2][@b41][@b42]. In distal colon segments from TLR9-deficient mice (n = 6 of 8), HES1 expression was 5-fold reduced compared to wild-type mice ([Figure 5B](#f5){ref-type="fig"}). There was some variability in expression of HES1 in the TLR9-deficient animals suggesting that TLR9 is not the only mechanism by which HES1 expression is regulated. From these results we conclude that, although there are compensatory TLR9-independent mechanisms, TLR9 is necessary for optimal expression of differentiation factors necessary for mature enterocyte production. These studies provide insight into the mechanism by which TLR9 promotes resolution of DSS-induced intestinal epithelial damage.

Discussion
==========

Although the roles of innate immune receptors and their signaling pathways in acute intestinal epithelial cell injury have been well-characterized[@b7][@b8][@b9][@b10][@b34][@b35], the contribution of these receptors to wound repair during the recovery phase is less understood. Because IBD produce periodic episodes of injury and repair[@b21][@b22], understanding the role of innate immune receptors in repair is of critical importance for people affected by IBD. Using a mouse model of IBD, we showed that mice deficient in TLR9 exhibited significantly increased susceptibility to intestinal damage and delayed wound healing ([Figures 1](#f1){ref-type="fig"} & [2](#f2){ref-type="fig"}). Untreated TLR9-deficient mice had increased numbers of proliferating enterocytes located not only within, but also above, the transient amplifying zones of colonic crypts ([Figures 3](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}), similar to previous observations with MyD88-deficient mice[@b7]. Increased proliferation did not result in increased crypt length, goblet cell numbers, or numbers of apoptotic cells ([Figure 3](#f3){ref-type="fig"}), indicating the possibility of reduced intestinal progenitor cell differentiation. Interestingly, TLR9-deficient colons displayed dramatically reduced expression of HES1, an intestinal progenitor cell differentiation factor important for enterocyte production, and VEGF, a growth factor important for epithelial restitution ([Figure 5](#f5){ref-type="fig"}). Embryonic lethality of HES1-deficient mice precludes our ability to directly address the role of this protein in intestinal repair[@b43]. Based on our results, absence of TLR9 contributed to increased sensitivity to chemically-induced damage, and reduced ability to repair the intestine. Together these studies suggest that TLR9 plays a key role in homeostatic processes in the colon.

Previously published studies present conflicting data on the role of TLR9 in acute intestinal injury following DSS treatment[@b34][@b35]. Rachmilewitz *et al*. treated mice with 1.75% DSS and saw no differences between wild-type and TLR9-deficient mice[@b34]. In contrast, Lee *et al*. observed increased sensitivity in TLR9-deficient mice treated with 1.5% DSS[@b35]. We also observed increased susceptibility at 1% DSS treatment, supporting the later findings[@b35]. It is possible that the observed differences were due to mice that had been backcrossed to C57BL/6 for different numbers of generations, or variability in microbiota composition[@b34][@b35]. Another potential explanation for the differences among these studies is that higher concentrations of DSS caused intestinal injury that was severe enough to be indistinguishable between wild-type and TLR9-deficient mice. In support of this model, we observed that both wild-type and TLR9-deficient mice treated with ≥ 2% DSS exhibited a similar severity of clinical and histologic parameters (data not shown). Therefore, small differences in DSS concentration can dramatically affect development of colitis, and we propose that the use of lower DSS concentrations (\< 1.5%) is necessary when designing studies to evaluate intestinal repair.

TLR9 may play an important role in normal biological processes, such as wound repair[@b38][@b39][@b40]. Previous studies have shown that there are few viral infection models in which TLR9-deficient mice are more susceptible[@b44]. In contrast, in models of acute DSS-induced experimental colitis, pre-treatment of mice with CpG ODN induces type I interferon that attenuates disease severity via a TLR9-dependent mechanism[@b45]. More recently, Sato *et al*. proposed a role for TLR9 signaling in accelerated repair in a murine model of skin biopsy wounding[@b40]. In that study, wild-type and TLR9-deficient mice showed equal magnitude and kinetics of early repair, but after several days, TLR9-deficient mice showed a delayed repair[@b40]. We observed a similar delay in intestinal wound healing ([Figures 1](#f1){ref-type="fig"} & [2](#f2){ref-type="fig"}) suggesting that TLR9 might play a role in normal repair processes. In the skin, CpG ODN treatment induced production of VEGF, and neutralization of VEGF with specific antibody treatment delayed wound healing[@b40]. Similarly, we observed that TLR9-deficient mice produced greatly reduced VEGF expression levels compared to wild-type mice ([Figure 5](#f5){ref-type="fig"}). These data, along with those demonstrating delayed wound repair in the absence of TLR9, indicate that TLR9-dependent regulation of expression of specific genes likely plays a critical role for intestinal repair.

We observed that HES1 expression was reduced, but not completely absent, in TLR9-deficient mice. Previous studies on intestinal development show that targeted disruption of HES1 resulted in increased numbers of goblet cells and decreased numbers of enterocytes in day E17 embryos[@b41]. HES1 is a repressor of MATH1[@b46], and deletion of MATH1 resulted in absence of secretory cells (Paneth, goblet, and enteroendocrine) in the fetal intestine[@b47]. Intestinal-specific deletion of MATH1 also resulted in the absence of secretory cells in the adult intestine[@b48]. Although MATH1-deficient crypts from these mice displayed delayed restitutive responses, heterozygous mice showed normal pancreatic development suggesting that small amounts of HES1 were sufficient for development. Similar studies have not been performed on the intestine[@b41], leaving open the possibility that reduced, but not absent, HES1 (and thus altered MATH1) expression, as we see in the absence of TLR9, might result in subtle phenotypic differences in adult intestine.

HES1 expression was reduced, but not completely absent, in TLR9-deficient mice; therefore, it is possible that low levels of HES1 expression are sufficient to prevent increased MATH1 expression. We did not observe differences in MATH1 expression between untreated wild-type and TLR9-deficient mice (not shown). Since there is no change in goblet cell numbers in TLR9-deficient mice, there may be enough HES1 and MATH1 expression to support goblet cell development, but when the intestine is stressed and damaged, this level may not be enough to support wild-type kinetics of reconstitution.

Whether the TLR9 ligands in the intestine are derived from the host or microbes is an open question. The intestine is colonized with commensal bacteria[@b13] and maintains a delicate balance with the host immune response. Loss of this balance has been implicated in the development of IBD[@b19][@b20]. Identifying the individual contributions of bacterial or host DNA is difficult because antibiotic treatment can reduce the number of bacteria present in the intestine significantly, but not completely[@b29], and therefore these types of studies are inconclusive. While gnotobiotic mice allow investigation of responses in the absence of microbial contributions, these mice have defects in intestinal and immune development[@b7][@b14][@b15][@b16][@b17][@b18]. Host DNA can contribute to autoinflammation by complexing with LL-37, a host-derived antimicrobial peptide, and inducing TLR9-dependent type I interferon from plasmacytoid dendritic cells in the skin of psoriasis patients[@b38][@b49]. Regardless of the source of DNA, therapeutic approaches to improve wound repair or reduce intestinal damage via alteration of TLR9 signaling would be the same.

Pre-treatment of wild-type mice with probiotics containing CpG DNA reduced the severity of DSS-induced colitis in a TLR9-dependent manner[@b50]. Beneficial effects of probiotic pretreatment are likely from apical stimulation of enterocytes[@b35]. Signaling from the basolateral surface, upon barrier disruption, results in an NF-kB-mediated inflammatory response[@b35]. This differential signaling from apical or basolateral surfaces could explain why treatment of CpG DNA once intestinal damage occurs, exacerbates inflammatory pathology. Further studies are required to determine if intestinal repair mediated by TLR9 is due to apical or basolateral signaling.

Collectively, we have demonstrated a role for TLR9 in protection against intestinal injury and provide the first report for the importance of TLR9 in intestinal wound repair. We also showed that TLR9 deficiency, similar to MyD88 deficiency, results in increased numbers of proliferating crypt cells. In the absence of TLR9, expression of HES1 was reduced. These data are consistent with published observations of TLR9 and MyD88 importance for resistance to DSS-induced intestinal injury[@b7][@b35] and the contribution of MyD88-dependent signaling pathways to intestinal wound repair[@b7]. Additionally, our results show that TLR9 signaling is involved in intestinal wound repair similar to observations in skin wounding models[@b38][@b39][@b40]. Because of the recurrent nature of IBD[@b21][@b22], understanding the role of TLR9 in intestinal wound healing is of critical importance for people affected by IBD. Our results provide important insights into the mechanisms involved in intestinal wound repair following activation of innate immune signaling pathways and provide novel targets for potential therapeutics. Our data also suggest future studies are necessary to determine the role of TLR signaling in intestinal epithelial crypt progenitor cell differentiation.

Methods
=======

Mice
----

C57BL/6 (WT) and TLR9 receptor-deficient mice were bred and housed under specific pathogen-free conditions in the Cornell University transgenic mouse core facility. TLR9-deficient mice B6.129P2-TLR9^tmAki^ were obtained from S. Akira via the National Institutes of Health. All animal experiments were approved by Cornell University\'s Institutional Animal Care and Use Committee (Animal Welfare Assurance A3347-01). Cornell University is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Female mice used for experiments were aged 8--10 weeks and weighed between 15--20 grams at the start of experiments.

Induction of colitis
--------------------

DSS at 1% weight per volume (36,000--50,000 Da; MP Biomedical, Solon, OH) was administered *ad libitum* in drinking water with fresh DSS supplied every three days. Control mice received regular drinking water for all fourteen days of the experiment. There were 6 mice per group in two independent experiments, for a total of 12 total mice per group.

Clinical scoring
----------------

Mice were monitored daily for weight, stool consistency, and presence of occult blood. Net weight change during treatment was calculated as: % Weight Change = (weight at day 7 -- weight at day 0/weight at day 0) x 100. Net weight change during recovery was calculated similarly: (day 14 -- day 7/day7) x 100. Stool consistency and occult blood (Hemoccult® SENSA®, Beckman Coulter, Brea, CA) were scored as previously described[@b51]. Briefly, stool consistency was scored as: 1) soft but still formed; 2) very soft stool; or 3) diarrhea. Occult blood was scored as: 1) a positive Hemoccult® test; 2) visible blood in the stool; or 3) rectal bleeding.

Tissue collection and histopathologic scoring
---------------------------------------------

Mice were euthanized at days 7 or 14 of the experiment, and whole colons were excised. Length was measured and a segment (0.5 cm) from the distal colon was collected for RNA preparation. Following fixation (10% formalin, Azer Scientific, Morgantown, PA), the remaining colon was paraffin-embedded, sectioned (5 μm), and stained by hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS) at the Cornell University Animal Health Diagnostic Center. H&E-stained sections were scored, by a board-certified pathologist, in a blinded manner as previously described[@b52].

Immunofluorescent staining and histology
----------------------------------------

Sections cut from the paraffin-embedded colons were deparaffinized using xylene (Sigma, St. Louis, MO) then rehydrated through a graded ethanol series (Sigma). Heat-induced epitope retrieval was performed by microwaving the slides at 800 watts for 20 minutes in a 10 mM Sodium Citrate (Sigma) pH 6.0 solution with 0.05% Tween-20 (Sigma). Apoptotic cells were stained using the In Situ Cell Death Detection kit, Fluorescein (Roche, Indianapolis, IN) according to manufacturer\'s instructions. Proliferating cells were stained using a Mouse on Mouse kit (Vector, Burlingame, CA) with a monoclonal Ki-67 (Clone MM1; Leica, Buffalo Grove, IL) primary antibody and a streptavidin-conjugated Alexa Fluor 555 (Life Technologies, Grand Island, NY) detection antibody. After mounting in Prolong Gold Anti-fade Reagent with DAPI (Life Technologies), slides were imaged with an Axio Imager M1 microscope (Zeiss, Thornwood, NY) and an Axiocam MRm (Zeiss). For histological analysis, sections were stained for H&E or PAS, and images were taken with an Axio Imager M1 microscope and an Axiocam HRc (Zeiss). Crypt length was quantified from the H&E stained sections by measuring from the basolateral surface of the basal crypt cells to the apical cell surface at the top of intact crypts using the length function in the AxioVision Rel. 4.8 software (Zeiss). PAS-stained sections were used to quantify the number of goblet cells per crypt. Measurements for each quantitative outcome were collected from 50 crypts analyzed from the distal to proximal colon of six independent mice (300 total crypts per parameter).

Real-time RT-PCR
----------------

The distal colon segment (0.5 cm) from each mouse was collected in 600 μl of RLT buffer (Qiagen), homogenized with a Power Gen 125 (Thermo Fisher Scientific, Pittsburg, PA), and total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the manufacturer\'s instructions. RNA from the murine primary colonic epithelial cells was also isolated using the RNeasy Mini kit. RNA was quantified using a NanoDrop® ND-1000 spectrophotometer (NanoDrop, Wilmington, DE) and 1 μg of RNA was reverse-transcribed using SuperScript® III First-Strand Synthesis (Life Technologies). RNA abundance was compared using SYBR Green Supermix (Life Technologies) on an ABI PRISM 7500 (Life Technologies). The 2^−ΔΔCT^ method[@b53] was used to calculate relative expression of HES1 or VEGF following normalization to the housekeeping gene glyceraldehyde 3-phsophate dehydrogenase, and then normalization to the wild-type level. Primer sequences are listed in [Table 1](#t1){ref-type="table"}.

Statistical analysis
--------------------

All statistical analyses were performed as described in the figure legends using Prism software package v5 (Graphpad, La Jolla, CA).
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![TLR9-deficient mice showed increased clinical parameter severity following 1% DSS treatment.\
Wild-type (A, B) and TLR9-deficient (D, E) mice were given normal water (untreated) or 1% DSS in the drinking water for seven days, then switched to regular drinking water. Fecal samples were screened daily for occult blood, by Hemoccult® test (A, D), and consistency (B, E), as described in materials and methods. (C) Mice were weighed daily to determine the percent weight change during the treatment (Day 0--7) and recovery (Day 7--14) phases. (F) Colon length was measured at day 14 for 1% DSS- treated wild-type and TLR9-deficient mice. n = 6 mice/group for each genotype, two independent experiments = 12 mice per group analyzed. \**p* \< 0.05, \*\**p* \< 0.01, Student\'s *t*-test.](srep00574-f1){#f1}

![1% DSS-treated, TLR9-deficient mice showed delayed intestinal wound healing with increased leukocyte infiltration.\
Wild-type and TLR9-deficient mice were treated as in [Figure 1](#f1){ref-type="fig"}. Colons were collected from untreated (day 0) and 1% DSS- treated (days 7, or 14) wild-type (A--C) and TLR9-deficient (D--F) mice. Representative H&E-stained sections (200X magnification) are shown (scale bars = 100 μm). The slides from all mice in the experiment were scored, in a blinded manner, for epithelial damage (G) and leukocyte infiltration (H) at day 14. n = 6 mice/group for each genotype. \*\**p* \< 0.01, Mann Whitney test.](srep00574-f2){#f2}

![Untreated, TLR9-deficient mice have increased numbers of proliferating colonic epithelial cells, but not increased crypt length.\
50 crypts from six independent untreated mice (300 total crypts) of each genotype were analyzed for: (A) number of Ki-67^+^ cells per colonic crypt, (B) colonic crypt length, (C) goblet cells per colonic crypt, and (D) number of TUNEL^+^ cells per colonic crypt. Error bars represent ± standard error of the means (n = 6). \**p* \< 0.05, not significant; Student\'s *t*-test.](srep00574-f3){#f3}

![Representative images for quantitative histology.\
Images from colons of untreated wild-type (A, C, E) and TLR9-deficient (B, D, F) mice. (A, B) Sections were stained for Ki-67 (red), counterstained with DAPI (blue), and imaged at 630X. (C, D) Sections were stained with PAS for goblet cells, and imaged at 200X. (E, F) Sections were TUNEL stained for apoptotic cells (green), counterstained with DAPI (blue), and imaged at 630X. White arrows indicate examples of Ki-67, or TUNEL, positive cells. All scale bars = 50 μm.](srep00574-f4){#f4}

![TLR9-deficient mice have reduced VEGF and HES1 expression in the distal colon.\
Relative expression of VEGF (A) and HES1 (B) in distal colons isolated from untreated wild-type and TLR9-deficient mice analyzed using relative quantitative real-time RT-PCR. VEGF or HES1 expression is shown for untreated wild-type or TLR9-deficient mice relative to untreated wild-type mice. Each point was normalized first to a housekeeping gene, and then to the wild-type level. Each dot represents one mouse (n = 8).](srep00574-f5){#f5}

###### Quantitative Real Time RT-PCR primers

  Primer                Forward                          Reverse
  -------- --------------------------------- --------------------------------
  HES1        5′-AAAATTCCTCCTCCCCGGTG-3′        5′-TTTGGTTTGTCCGGTGTCG-3′
  VEGF      5′-GGAGTACCCCGACGAGATAGAGTA-3′    5′-GAAGCTCATCTCTCCTATGTGCTG-3′
  GAPDH     5′-ACTCCACTCACGGCAAATTCAACGG-3′     5′-AGGGGCGGAGATGATGACCC-3′
